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events tells us the fundamental cause of the phenomenon
should not be the simpt-dfusion reaction but more com-
Experimental data showing generationtie from plex reactions occurring in solids as a complex system.
a Pd sheet-Dgas system observed by E. Botta et al. areTherefore, the name “cold fusion” should be interpreted
analyzed by the trapped neutron catalyzed fusion (TNCRs “nuclear reactions and accompanying events in solids
model. The proposed mechanism“fe generation is including high-density hydrogen isotopes.”
not the direct d-d reaction but the reactions between the  The trapped neutron catalyzed fusi@NCF) model
trapped neutron and a Pd isotope4gPd reactions, with  proposed by one of the present authdts Kozima) has
a supplemental assumption, decrease of threshold eneits basis on several experimental facts from the absence
gies for (ng) reactions ofjsPd in solids. The arbitrary of events in circumstances without background neutrons
parameter p, the density of the trapped neutron, of theand their enhancement by an artificial thermal neutron
model is determined to be 102 cm™3, which is consis- source to numerical relations between amounts of prod-
tent with values determined in analyses of data in vari-ucts obtained in the experiments. Ratios of the numbers
ous events in the cold fusion phenomenon. of eventsNy, for productsM calculated from experimen-
tal data are far from anticipation of tlted reaction but
are in good qualitative and sometimes quantitative ac-
cordance with theoretical prediction based on the TNCF
model.
. INTRODUCTION In electrolytic experiments with the Li electrolyte,
the generation ofHe has been explained by a reaction
It is well known now that the cold fusion phenom- between a neutron andSLi consistent with the amount
enon(CFP), named at first after supposition of the directOf the excess hedD observed simultaneously. On the
d-d fusion reaction in solids at room temperature, in-Other hand, in a gas contact system, there have recently
cludes many “events” from the excess heat generation, tréen reported several data of the CFP including 2.45 MeV
tium production, neutron emissiontble generation, and and higher energy neutron emisstohand “He detec-
various nuclear transmutatiofsTs). This diversity ofthe tion including thosé® taken up in this paper. The mech-
anism to producéHe in this case is different from the
*Current address: Portland State University, Physics Deparne in the electrolytic system witfii and is similar to
ment, Portland, Oregon 97207. the one resulting in NTs as explained hereafter giving a
tE-mail: cf-lab.kozima@pdx.edu unified interpretation of several events in the CFP.
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The observation of the “2.45-MeV” neutron re- the mean current 330 A440 A at maximum with a
ported by Bressani et al.Botta et al2 and Botta et af.  duration 0.4 h, an amount ¢6.3 + 0.7) X 10'® “He was
was explained qualitatively by Bisising the TNCF model observed. Unfortunately enough, the excess heat to be
as a result of the following series of reactions in @Pd generated accompanied with thisle production was
system not depending on the diretd fusion reaction: not measured in the experiment, and it has not been im-

n+d=t(6.98keV + v (6.25 MeV) , 1 proveq yet in the later work reporteql at the Seventh In-
4( VARA M ) ternational Conference on Cold Fusion.
t(e) +d="He(3.5MeV) +n(14.1MeV) , (2 The experimental resditon the “He generation in
y(6.25MeV) +d=n+p, (3) the P¢'D system is analyzed in Sec. Ill using the TNCF
n(14.1MeV) +d=n"+d’ , (4 ~ model.
and
N(14.1MeV) +d=n+p+n . (5 Il THEORETICAL EXPLANATION
The cross sections of the reactiofi3 through(5) are There are several reactions responsible for4He
5,5% 1074 3.0x 1076 2 X 1073 0.62, and 0.18 b, generation in Pd-Psystem in the natural environment
respectively. (with background neutronss written down as follows

The accelerated deuteron up to an eneggfthe in addition to the aforementioned ones to explain the
maximum value is 12.5 MeYVin the reaction(elastic ~2 MeV neutrons:

collision) (4) can induce directl-d reactions generating n+d=1(6.98keV + y (6.25 Me\) (8)
2.45-MeV neutrons as follows: 4
t(e) +d=%He(83.5MeV) +n(14.1MeV)+c, (9
d(e) +d=°He+n(2.45Me\) + ¢ , (6) L Apg— Atlpg 10
—t+p. 7) N+ 460 = 46 )
Numerical calculation of an energy spectrum of neutronémd
generated in the foregoing series of reactions was per-¢ ‘Pd* = 22°Ru+3He + Q . (11

formed and compared with the experimental results wit

qualitative accordance Rrhe compound nucleuk *Pd* has several channels to

transform including the one taken up in the earlier reac-
tion (11) relevant to*He generation. The threshold en-
Il. EXPERIMENTAL RESULT ergies of(n,a) reactions for these isotopgéPd are a
few mega-electron-volts in free spdcas shown in
The Torino group in Italy, who detected 2.45-MeV Table I. The discrimination used in this paper about the
and higher energy neutrobi$ in Ti- and Pd-D) gas sys- decay channels will be discussed in Sec. IV.
tems, also performed measurements of4He content The cross section of the firstreacti@)is 5.5x10~*b
in samples with high loading ratiof®d up to 0.71Refs. 4 and is smaller than those of the third react{@0), with
and 9. A successful measureménif “He was reported A =102 to 110 leading to an unstable compound nucleus
at the Sixth International Conference on Cold Fusiorfe *Pd* by a factor~10~“ (compare with Table)l This
(October 199§ and the succeeding repdwas given at  is the reason that the neutron with an energy-@MeV
the Seventh International Conference on Cold Fusiogenerated by the successive reactidnand(3) with cross
(April 1998) with addition of a little data on the sample sections of 0.55 and 2 mb, respectively, is smaller by a
composition; the former of these is taken up in this papefactor of 10" compared with*He generated mainly by
to be analyzed by the TNCF model.
In the experiment with the observédie in the de-
sorbed gas from the Dloaded Pd sample, the Coehn

effect was used to allow thé* ions to move along a Pd TABLE |

conductor sample from the anode toward the cathode. Natural Abundance, Absorption Cross Section
The sample was a Pd sheet of a sizeBx 1 X 10 2cm? (for 45 eV neutron, Threshold Energy,,
plated by gold at both ends for a length of 1.5 @hick- and Liberation Energ® in Eq. (11)

ness of gold~15 um) and clamped there by two Cu of Stable Pd Isotopes

electrodes inside the cell with a volume of 166 cn.

After the vacuum control up to ¥ 10¢ mbar, D,
gaswas intrpgiuced in the cell to afinal pressure of 2.7 balr, 192pq| 104pg | 105pq| 1%pd | 10%pq | 1iopg
and the definite current up to 440 A was applied throug
the sample for a duration up to 2 h; at its end, the gagAbundance%) |0.96 | 10.97 | 22.28 27.33 26.71 11.81
analysis was performed by a high-resolution mass spe¢Z (?)Mev) 3-863 2-3233 230-12’ 6063C3 981-5 P4 1109-227
trometer. In a measurement at 117 h from thedas Q“*(Mev) 49 63 30l 21 10 10

introduction, where the Pd ratio was 0.8& 0.02 and

Isotope
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the reactionsll) if its threshold energy is lowered as dis- one order of magnitude for the excess heat and also the

cussed in Sec. IV. detection of Ru in the system will give us decisive
The number of*He atoms generated by the mainevidence about the mechanismfe generation in the

reactions ofn-,4Pd (A = 104 to 110 induced by the Pd-D system.

trapped thermal neutron is expressed as follows if the Inaddition to the consistent valmg~10*2cm~3 ob-

threshold energy, is decreased down to the thermaltained earlier with the values determined for other exper-

energy in CF material&s discussed in Sec. )V iments?itis interesting to notice that the reactiormmofith
A 33%Pd with a cross section 0.227 b a@d= 1.0 MeV has
Nie = 0.350,0,NpgVE D, 0pa — (12)  been used for the production of Ru in industry.
A Npg

where 0.3%i,v, is the flow density of the thermal neu- |y, piscussion

tron per unit area and tim@epq is the density of Pd as a )

whole in the reaction region with volumé andnyand ~ After the discovery of the CFP, the cause of the var-

ona are the density of an isotopgPd and the cross ious eventsinthe phenomenon attracted the strong inter-
section of the reaction betweenand the isotope. The €st of scientists as to whether it was in the frame of

factor £ expresses an order of instability of the trappedduantum mechanics or not. Because the anomaly of the
neutron in the reaction region; we take= 0.01 for €vents is extraordinary out of understanding in ordinary

reactions that occur in volume agd= 1 for reactions Physics and chemistry at first sight, there are many at-

in the surface layetwhere the trapped neutron reactstempts to treat it with assumptions outside the present

with lattice nucleiAPd according to the recipe of the knowledge of quantum mechanics. o B
TNCF mode$-19). In our attempt to explain the events within a unified

Using the foregoing values given in Table | and as-theoretical frame in quantum mechanics, the TNCF model

suming the reactiongl0) and(11) occur in the surface has been proposed, and the model has given a consistent

layer with thickness Jum and¢ = 1, we can calculate €Xxplanation of the CFP as a whole with a single adjust-
the adjustable parametey as follows: able parameten,, in addition to several common sup-

lementary assumptions on the nuclear reactions in

My = 6.94X 10" cm ™2 . (13 Pnaterials v)\;here thepphenomenon occurs.
This value is consistent with valuesf, determined by As is well known in neutron physics, there are
experimental data sets obtained in the CFP, but is fairhabundant backgrountBG) neutrons with thermal and
large compared with the valug, = 10* to 10’ cm™ 3,  epithermal energies on the earth with densities &0 2
determined by the experimental valul,, i.e., number n/s-cm?each. Inview of several decisive data sets show-
of neutrons with an energy of 2.45 MeV measured in théng the absence of the CFP without BG neutrons, it is
previous works:2 The value of 16 cm~3is in the low-  natural to pursue a possibility of explaining the phenom-
est range of values obtained by us and suggests peculi@non by taking into account the BG neutrons as a mem-
ity of measurement of the neutron spectrum &rd ber of the actors playing in the drama showing abnormal
reactions in volume with assumed valueéof 0.01. events difficult to explain in a conventional frame of

Another possibility to remedy the differencenpin  physics. In the TNCF model, the origin of the trapped
these events is takirgjin the surface layer larger than 1, neutron with a density, is assumed as the BG neutron
assumed throughout our analyses, the same value to thatthe first stage and in the second as neutrons generated
in vacuum. This is an attractive choice for resolution ofby such breeding reactions &), (3), and(5) are also
the riddle in view of recent observation of peculiar be-assumed.
havior of surface nuclei showing the decay time short- The recent experimental data sets on the nuclear trans-
ening and the induced fissidAlf we take the value of  mutation show clearly the existence of decay time short-
in the surface layer as 2ahe value o, determined by ening and induced nuclear fission in the system with the
the amount ofHe decreases by a factor 19 leavingn, presence of thermal neutro#s!213The analysis given
determined byN, (number of neutrons with energies atin Sec. Ill also shows the reality of alpha decay of the

~2.45 MeV) unchanged. compound nucleugg *Pd* in this case, induced by the
If the foregoing assumption about the causéldé  trapped neutron with thermal energy in the CF materials.
generation in the Pd-Dgas system is reliable, we ex- From these analyses of the events in the CFP, an

pect generation of Ru along wittHe as observed by interesting feature of the neutron-induced nuclear reac-
Botta et al* It is also regrettable that we have no exper-tions is deduced: There are several channels from an
imental data on the excess energy that accompanies thgtial nucleus and the trapped neutrons to the final states;
“He generation, which could be compared with the theofor instance, in the case of tlmet+ Pd reaction, the final
retical prediction ofQ ~ 1.8 10% J or 1.8 MJ deduced states are one of those generating (Ref. 14 by fis-
from the amount ofHe by the reactions assumed in thesion, Ag (Ref. 15 by beta decay, and Ru by alpha
explanation by the TNCF model rather than the valuelecay! and Pd by(n,2n) reaction. The branching
2.0 X 107 J written by the authorsThis difference of ratios of these channels seem variable depending on
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experimental conditions. While we have not determined4. E. BOTTA, T. BRESSANI, C. FANARA, and F. IAZZI,
the dependence of the branching ratios, in one case, wieasurement ofHe Production from PGas-Loaded Pd Sam-
see Zn in Pd wire up to 40% in a 1-yr experim&nin ple,” Proc. 6th Int. Conf. Cold Fusion (ICCF6Yoya, Japan,
another case, we see Ag in FRlef. 15; and further inthe ~ October 13-18, 1996, p. 29, Universal Academy P(&S56.

aforementioned date} we see’He inthe Pd-Rgas sys- 5. F |azz|, E. BOTTA, T. BRESSANI, C. FANARA, and
tem although Ru is not yet researched in the experimenp. TES|O, “Correlated Measurement obRoading and*He

This experimental fact showing variable branching raProduction in Pd Lattice,Proc. 7th Int. Conf. Cold Fusion
tios of transmutation channels of the compound nucleu8CCF7), Vancouver, Canada, 1998, p. 157, ENECM98.
(e.g.,2¢ *Pd*) formed in CF materials can be taken as a
signal of a new nuclear reaction in solids. Ourinterpreta-B' H. KOZIMA, M'“OHTA’.M' FUJIL, K. ARAI, H. KU-
tion of this factis, as shown in several previous pagéfs DOH, and K. KAKI, "Analysis of Energy Spectrum of Neu-

! . . . . ' tronsin Cold Fusion Experiments on the TNCF Mod@&liovo

anuclear transmutation of nuclei interacting with neutrorein " 112 1431(1999.
Bloch waves at the crystal boundary where the probabil-
ity density of the neutrons have an extreme value due to7. K. SHIBATA, T. NAKAGAWA, H. SUGANO, and H. KA-
the local coherence of their wave functions. There shoulVASAKI, “Curves and Tables of Neutron Cross Sections in
be a possible effect of the neutron d#éporked out soon. JENDL-3.2," JAERI-97-003, Japan Atomic Energy Research
The interpretation of this fact is not fixed yet and waits for/nstitute (1997).

more experimental and theoretical effort. 8. H. KOZIMA, M. OHTA, and K. KAKI, “The Physics of
Recent experimental data showing Zn gene_ratlon iNghe Cold Fusion PhenomenorCold Fusion 22, 58 (1997).

Pd-D, (H,) gas system by Mo et al.together with the )

former datd*have been analyzed successfully onthe TNCF 9. H. KOZIMA, K. KAKI, and M. OHTA, "Anomalous Phe-

model, and the result will be presented elsewi8Ehis ~ nomenon in Solids Described by the TNCF Modefision

is further evidence showing the effectiveness ofthe TNCR €S0k 33, 52(1998.

model and the reality of the aforementione_d anqmaloum_ H. KOZIMA, K. ARAI, M. FUJII, H. KUDOH, K. YOSHI-

nuclear effects of the neutron Bloch waves in solids.  MOTO, and K. KAKI, “Nuclear Reactions in Surface Layers of
The neutrons with energies higher than 2.45 MeVDeuterium-Loaded SolidsFusion Techno).36, 337(1999.

observed often in the CF experiments and confirmed b . . , : ,

precise measuremefts will be explained by similar XNla'tqu' '\gégﬁﬁlp('zlggga Cold Fusion: What's Going On?

(n,2n) reactions as the reactioill) expected for the S '

neutron-Pd(or Ti) system if the(n,a) reaction(1l) is  12. H. KOZIMA, H. KUDOH, and K. YOSHIMOTO, “Nu-
conceivable in the CF material. clear Transmutation by Fission in Cold Fusion Experiment
Analyzed by TNCF Model,Cold Fusion 25, 34 (1998.
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